Chloroplasts contain 3000-4000 different proteins but only a small subset of them is encoded in the plastid genome while the majority is encoded in the nucleus. Expression of these genes therefore requires a high degree of co-ordination between nucleus and chloroplast. This is achieved by a bilateral information exchange between both compartments including nucleus-to-plastid (anterograde) and plastid-to-nucleus (retrograde) signals. The latter represent a functional feedback control which couples the expression of nuclear encoded plastid proteins to the actual functional state of the organelle. The efficiency of photosynthesis is a very important parameter in this context since it is influenced by many environmental conditions and therefore represents a sensor for the residing environment. Components of the photosynthetic electron transport chain exhibit significant changes in their reduction/oxidation (redox) state depending on the photosynthetic electron flow and therefore serve as signalling parameters which report environmental influences on photosynthesis. Such redox signals control chloroplast and nuclear gene expression events and play an important role in the co-ordination of both genetic compartments. It is discussed here which photosynthetic parameters are known to control nuclear gene expression, how these signals are transduced toward the nucleus, and how they interact with other plastid retrograde signals and cytosolic light perception systems.
Introduction
During evolution, photosynthetic organisms developed a great number of molecular mechanisms which enable them to acclimate the photosynthetic process to a fluctuating environment Blankenship, 2002) . Changes in temperature, nutrient and water supply, and particularly in incident light parameters affect photosynthetic electron transport and can dramatically reduce its efficiency. Acclimation responses maintain or restore the photosynthetic electron flux under adverse conditions and, by such means, help to keep the net energy fixation as high as possible. This can be observed in organisms with a short generation cycle such as cyanobacteria and unicellular algae as well as in long-living multicellular organisms such as plants. The biological reason for this phenomenon may be different but the goal behind it is the same. Single-celled organisms have to respond very dynamically to rapid changes in their environment because otherwise growth and progeny are at risk. Plants may exhibit a higher tolerance to rapid environmental changes because of their larger body, which provides a higher storage capacity for most nutrients or energy equivalents, but, because of their sessile life style, plants have to deal with the longer-lasting conditions of the area where they grow in order to allow sufficient growth and success in seed production. Acclimation of photosynthesis is a central strategy in this context as this process provides the energy for all cellular processes.
In eukaryotic organisms, photosynthesis takes place in a specialized compartment, the chloroplasts. This organelle contains a complex membrane system, the thylakoids, in which the photosynthetic machinery is located. It consists of several multi-subunit protein complexes (photosystem I and II (PSI and PSII) , the cytochrome b 6 f complex (cytb 6 f ) and the ATPase) which are comprised of components encoded in the nucleus as well as in the plastome, the organelle-own genome (Sugiura, 1995) . For a eukaryotic cell this generates several problems in the establishment and reconstruction of the photosynthetic apparatus during development and environmental acclimation. Nuclear-encoded components must be expressed in the nucleus, translated in the cytosol, and subsequently imported into the chloroplast (Jarvis and Soll, 2002) , while the plastid-encoded components are expressed in the organelle by a plastidown expression machinery (Link, 1996; Hess and Börner, 1999; Liere and Maliga, 2001) . The resulting products then have to be assembled into functional protein complexes. Since photosynthetic plant cells contain up to 100 plastids and each plastid contains up to 100 copies of the chloroplast genome this can generate up to a 10 000-fold excess of plastid over nuclear gene copies. Both the different coding location and the varying gene copy number require a high degree of co-ordination in the expression of genes encoding components of the photosynthetic machinery. This co-ordination is achieved by a continual exchange of information between nucleus and plastids. Early studies suggested a complete control of the nucleus in this event, but studies from the last 20 years have provided accumulating evidence that the plastids also send important signals to the nucleus about its functional state, which help to express genes for chloroplast proteins in a co-ordinated manner. Nowadays, it is widely accepted that the co-ordination of plastid protein complex formation involves bidirectional signalling pathways, including signals from the nucleus to the plastids (anterograde signals) and vice versa (retrograde signals) (Taylor, 1989; Mayfield, 1990; Susek and Chory, 1992; Goldschmidt-Clermont, 1998; Rodermel, 2001; Gray et al., 2003) .
Retrograde signals from chloroplasts affecting nuclear gene expression
In the 1980s, studies were published reporting that seedlings with carotenoid deficiencies (induced either by mutation or by treatment with the phytoene desaturase inhibitor norflurazon) exhibit down-regulation of nuclear photosynthesis genes (Mayfield and Taylor, 1984; Batschauer et al., 1986; Oelmüller et al., 1986; Mayfield and Taylor, 1987) . Carotenoids are important components of stress-compensating processes which can scavenge triplet excited-state chlorophyll or singlet oxygen and, by this means protect the organelle from photo-oxidative damage (Oelmüller, 1989) . Chloroplasts without these scavengers become photo-oxidized resulting in non-functional, pale organelles lacking the typical thylakoid membrane system, photosynthetic pigments, and many photosynthesis-related proteins. This demonstrated that the expression of nuclear PS genes is coupled to a functional photosynthetic process. Other studies especially with the unicellular alga Chlamydomonas rheinhardtii revealed that intermediates of chlorophyll (Chl) biosynthesis, i.e. magnesium protoporphyrin IX (MgProtoIX) might be potent regulators of nuclear gene expression events. Initial studies reported repression of nuclear photosynthesis genes when Chl biosynthesis was specifically inhibited, resulting in an accumulation of precursor molecules such as MgProtoIX (Johanningmeier and Howell, 1984; Johanningmeier, 1988) . Furthermore, it could be shown that MgProtoIX was able to induce nuclear-encoded cytosolic and plastid heat-shock proteins (Kropat et al., 1997 (Kropat et al., , 2000 . Both carotenoid and chlorophyll biosynthesis occur in the plastids. The observed involvement of these components or pathways therefore led to the postulation of a so-called 'plastid-derived factor' which controls the expression of nuclear-encoded PS and non-PS genes (Oelmüller, 1989) (Fig. 1) . In addition, inhibitor experiments blocking plastid gene expression revealed that nuclear photosynthesis gene expression in the first days of seedling development is also dependent on plastid transcription and translation (Pfannschmidt and Link, 1997; Sullivan and Gray, 2002) suggesting that there also exists a lightindependent signal which must involve a plastid gene product (Fig. 1) .
The strong involvement of Chl biosynthesis in retrograde signalling was further confirmed by several studies in the higher plant Arabidopsis thaliana. So-called genome uncoupled (gun) mutants exhibit proper expression of a Lhcb promoter::uidA reporter gene construct, despite a bleaching of the seedlings by norflurazon treatment which normally would suppress Lhcb expression (Susek et al., 1993 gun alleles which could be identified until now encode important enzymes or enzyme subunits of the tetrapyrrol biosynthetic pathway (Strand, 2004) . Interestingly, other knock-out mutants in this pathway also revealed a gun phenotype in the presence of norflurazon, but only when the lesion was upstream of MgProtoIX (Strand et al., 2003; Strand, 2004) giving further strong support of the involvement of MgProtoIX in plastid-to-nucleus signalling. Another Arabidopsis mutant, the long after far red 6 (laf6) mutant was found to be deficient in a novel ABC transporter protein (Moller et al., 2001) and to exhibit high amounts of cytosolic protoporphyrin IX. Inhibitor experiments suggested that this transporter is responsible for the import of protoporphyrin IX into the stroma which cannot occur in the laf6 mutant which, in turn, resulted in a repression of nuclear photosynthesis genes which is consistent with the above-mentioned studies.
All relevant reports and findings in this field of research cannot be discussed in this review but, from the given examples, it becomes very obvious that a functional photosynthetic process plays an important role in plastid-to-nucleus signalling. Many of the experiments discussed above use very artificial or destructive approaches to analyse the plastid retrograde signals. Therefore the focus here is on experiments done under more physiological conditions which show that the photosynthetic process itself is very important in retrograde signalling. The redox state of electron transport chain components as well as photosynthetic products like sugars and unavoidable photosynthetic by-products such as reactive oxygen species (ROS) were found in numerous studies to be involved in plastid-to-nucleus signalling (Brown et al., 2001; Rodermel, 2001; Dietz, 2003; Pfannschmidt, 2003) and, therefore, represent a novel class of plastid signals . However, there must be a clear distinction between redox signals which are generated in the photosynthetic electron transport chain due to fluctuating environmental conditions within the physiological range and those which are produced under extreme conditions resulting in stress reactions ( Fig. 1) (Apel and Hirt, 2004; Wagner et al., 2004) . Many of these stress reactions are covered by other excellent reviews in this issue. Here, the focus is on retrograde signals originating directly from fluctuations in the redox state of photosynthetic electron transport chain components, i.e. the redox state of the plastoquinone (PQ) pool which transfers electrons from PSII to the cytb 6 f complex and, therefore, represents an ideal sensor for the efficiency of photosynthetic electron flow.
Photosynthetic control of the nuclear Lhcb genes: the classical example
The chlorophyll binding proteins of the light-harvesting complex of photosystem II are encoded by the large nuclear Lhcb gene family (formerly known as chlorophyll a/b binding proteins, cab). They represent the genes most studied in the context of plastid-to-nucleus signalling and are shown to respond to many of the retrograde signals (compare studies above). Therefore, it is not surprising that in initial reports this gene group was also used to study a possible influence of photosynthetic signals on nuclear gene expression. In the unicellular alga Dunaliella tertiolecta the expression of Lhcb genes was shown to be stimulated by an oxidized PQ pool which was established by a switch of the cultures from high to low light intensities. This result was supported by experiments with the sitespecific electron transport inhibitors DCMU and DBMIB (Escoubas et al., 1995) (Fig. 2) . In a physiologically different approach using the related alga Dunaliella salina it was investigated how this alga responds to changes in incident light quantity under a varying temperature environment (Maxwell et al., 1995) . This experiment took into account that high light effects can be mimicked by low light intensities under low temperature. A decrease in temperature induces a down-regulation of enzymatic reactions of the Calvin cycle, which subsequently leads to an increase in excitation pressure of PSII as it occurs under high light . Sites of action of electron transport inhibitors DCMU (preventing reduction of PQ) and DBMIB (preventing oxidation of PQ) are indicated by black dots. The reduction of PQ activates the LHCII kinase (kinase) which, in turn, phosphorylates (P) the mobile part of LHCII (dark grey blocks). This migrates to PSI, enlarging its antenna cross-section (state transition). The same signal positively affects the transcription of the psaAB operon through the plastid RNA polymerase (RNPase) controlling photosystem stoichiometry adjustment (long term response). The signal is also transported over the chloroplast double membrane by an unknown mechanism (question mark), transported through the cytosol into the nucleus where it affects the expression of Lhcb and other nuclear-encoded plastid proteins. Proteins possibly involved in the signal transduction are given as light grey circles or ovals, affected genes as bars. The arrows with +1 mark transcription start points. For details see text.
conditions at moderate temperature (Huner et al., 1998) . Taken together, these results suggest that the redox state of the PQ pool controls the transcription of nuclear Lhcb genes, i.e. under high PSII excitation pressure (PQ reduced) Lhcb expression is repressed to avoid absorption of excess light energy. This suggests the existence of a regulatory pathway originating from the PQ pool and leading to an increase in the amount of light-harvesting complexes and, subsequently, the quantum yield of the PS apparatus of Dunaliella species under low light or PQ oxidizing conditions. Studies on Lemna perpusilla revealed that this mechanism is not restricted to algae but also occurs in higher plants (Yang et al., 2001) . In this work, a cytb 6 fdeficient Lemna mutant was characterized and compared with the wild type. The PQ pool was found to be reduced in the mutant even under low light conditions because no plastoquinol oxidation could occur. In parallel, the LHCII amount was found always to be lower in the mutant than in the wild type. This effect could be abolished by blocking PQ reduction. Therefore, it was concluded that the mutant is locked in a high-light acclimated state which represses LHCII expression via the reduced PQ pool, indicating that the PQ pool is the sensor for the high-light illumination. However, in pumpkin, it was also shown that, under high light intensities, a second loop of redox regulation may be active which is responsible for LHCII de-phosphorylation via repression of the LHCII kinase through the action of a reduced ferredoxin thioredoxin system (Rintamaki et al., 2000) . This suggests a more complex high light redox regulation in higher plants than in algae. However, while the results concerning the existence of this mechanism and its functional role appear relatively clear, the signal transduction is still not understood. The PQ pool is known to regulate both short-and long-term acclimatory responses . It is yet not clear if these signal pathways represent two parallel branches with the same origin or a hierarchically organized signalling cascade. The present results support the latter idea Pursiheimo et al., 2001) . In a working model (valid for low light intensities) (Fig. 2) the PQ pool controls phosphorylation of the mobile part of LHCII through activation of the LHCII kinase upon reducing conditions. This redirects the antenna proteins (via phosphorylation) from PSII to PSI and helps to redistribute excitation energy between the two photosystems. At the same time the efficiency of this response regulates the strength of the redox signal of the PQ pool which is directed toward the plastid gene expression machinery. Upon prolonged reduction it activates transcription of the plastid psaAB operon encoding the P700 apoproteins of PSII (Pfannschmidt et al., 1999a; Pfannschmidt, 2003) which triggers a long-term readjustment of photosystem stoichiometry. This has the same, but a longer lasting, effect as the short-term response in which only the antenna structure is modified. How the signal from the thylakoid membrane is transported to the RNA polymerase is also under investigation. A possible candidate as signal transducer is a small 9 kDa protein called TSP9 which is associated with PSII and which is partially released from the complex under reducing conditions (Carlberg et al., 2003) . At its C-terminal end this protein contains a basic region which possibly acts as a DNA-binding domain. However, both DNA-binding activity and a functional connection to long-term acclimation responses still have to be elucidated.
As outlined in the introduction, a long-term response must include the control of nuclear-encoded plastid proteins. A respective regulation via the redox state of PQ has been demonstrated for Lhcb in winter rye (Pursiheimo et al., 2001 ) and for PetE (encoding plastocyanin) in tobacco (Pfannschmidt et al., 2001) . How the redox signal from PQ passes the chloroplast envelope is completely unknown (Fig. 2 , black circle with question mark), however, for its transduction through the cytosol into the nucleus experimental data exist which suggest a possible phosphorylation cascade. In transgenic tobacco, a PsaF promoter::uidA reporter gene construct can be induced by cytosolic kinase activities even in the absence of functional plastids (Chandok et al., 2001) . Again, in Dunaliella tertiolecta, initial results suggest that a cytosolic protein becomes phosphorylated when PQ is oxidized and which then possibly binds to the Lhcb promoter (Escoubas et al., 1995) . It therefore may represent a functional link between the redox state of the PQ pool in the chloroplast and Lhcb transcription in the nucleus (Fig. 2) . However, its identity and precise role in the signal transduction chain remains to be elucidated. A further recent study identified several different protein-DNA complexes in the Lhcb1 promoter of Dunaliella tertiolecta (Chen et al., 2004) , suggesting that more than one protein is involved in this regulation (Fig. 2 , orange circles with question marks). This study also revealed that, beside the redox state of PQ, the transthylakoid pH gradient is responsible for Lhcb regulation suggesting interaction of two (or more?) photosynthetic signals in this regulation mechanism. Therefore, the working model presented provides only a rough picture of what is really going on.
Studying Lhcb gene expression gave the first results of how thylakoid electron transport and other plastid signals affect nuclear gene expression. The high responsiveness of this gene family to plastid signals made it a useful tool with which to perform the initial experiments. However, it is now necessary to go one step further. There are many more nuclear-encoded plastid proteins which might be affected by plastid signals. In addition, several lines of evidence suggest that there are more redox signals than that from the PQ pool (see above and below). To understand the redox signalling network originating from photosynthesis in more detail, more genes under several, different, physiological conditions have to be analysed.
Photosynthetic control of nuclear genes encoding chloroplast proteins during light-quality acclimation
Under many conditions, for example, in the canopies of trees or in dense plant populations, strong light quality gradients occur which often result in uneven excitation of the two photosystems. Such excitation imbalances reduce photosynthetic efficiency and are counteracted in the longterm by a photosystem stoichiometry adjustment (Melis, 1991; Allen, 1995; Fujita, 1997; Pfannschmidt, 2003) . An artificial light quality system has been established which mimics such light quality gradients by a favoured excitation of PSII (PSII-light) or PSI (PSI-light). By shifting plants between such light sources it was possible to induce a more reduced (shift from PSI-to PSII-light) or oxidized (shift from PSII-to PSI-light) state of the photosynthetic electron transport chain. This gave a very useful experimental design with which to study redox effects of photosynthetic electron transport on nuclear gene expression. Comparable systems have been used to elucidate the impact of photosynthetic electron transport on plastid gene expression in various higher plants (Glick et al., 1986; Deng et al., 1989; Kim et al., 1993; Pfannschmidt et al., 1999a, b; Tullberg et al., 2000) . Using transgenic tobacco lines harbouring several nuclear PSI gene promoter::uidA reporter gene constructs, the impact of photosynthetic redox signals was tested on the activity of the promoters for PetE, PsaF, PsaD, and PetH encoding plastocyanin, subunit III and II of PSI, and the ferredoxin-NADP-oxidoreductase (FNR), respectively (Pfannschmidt et al., 2001) . All these subunits are implicated in electron transport around PSI and the promoters have been found in earlier experiments to respond to light and a plastid signal (Kusnetsov et al., 1996) . The experiments revealed that the PetE promoter is controlled by a redox signal from the PQ pool, while PsaD and PsaF respond to a redox signal more downstream of PQ (with respect to the electron transport). PetH showed no reaction. In another study, experiments with an Arabidopsis cell culture also indicated an important role for photosynthetic redox signals in the regulation of PetE. However, from their results the authors concluded that thioredoxin or glutathione, rather than the PQ pool, was the origin of the signal (Oswald et al., 2001) . These conflicting results may be attributed to differences in the experimental set-up or the organisms used. Nevertheless, the authors' results with the transgenic lines clearly indicated that the light system was a useful tool with which to study the impact of photosynthetic redox signals on nuclear gene expression. In addition, the diverse responses led to the conclusion that lightdependent plastid signals are not always identical with photosynthetic redox signals and, furthermore, that several signals from the electron transport chain are sent. To get a more general impression of the impact of light-qualityinduced redox signals on the expression of nuclear-encoded chloroplast proteins, a macroarray approach with Arabidopsis was set up in which it was tested how many of these genes respond to photosynthetic redox signals in this study's light system (Fey et al., 2004) . Western analyses confirmed that Arabidopsis shows the same long-term response, i.e. photosystem stoichiometry adjustment as observed before in mustard (Pfannschmidt et al., 1999a) , however, the stoichiometry changes were achieved by only changing the number of PSI while PSII remained constant. This indicates species-specific differences in the molecular realization of the long-term response, without affecting the basic principle which is a stoichiometry adjustment in favour of the respective rate-limiting photosystem. The macroarray used in the study contained 3292 GSTs covering a great proportion of the nuclear chloroplast transcriptome (Kurth et al., 2002; Richly et al., 2003) . Comparing the expression profiles under different redox states of the electron transport chain (either induced by light quality shifts and/or DCMU treatment) 286 genes were identified which significantly respond to photosynthetic redox signals. Only 76 of these genes have an assigned function, while the great majority encodes unknown or putative products. This indicates an immense impact of photosynthesis on nuclear gene expression in this system. The affected genes were not restricted to photosynthesis and covered all major gene groups including those for gene expression, metabolism, and signal transduction. The largest group of affected genes were those encoding enzymes of amino acid, nucleotide, and energy metabolism suggesting that the array data reflect different metabolic situations of the plants under PSI-and PSII-light. A detailed investigation to understand the relationship of these gene expression changes with metabolic changes is currently in progress. Of special interest is the regulatory impact on subunits of the plastidencoded RNA polymerase (PEP) (Liere and Maliga, 2001) , including the catalytic subunit RPOB and the regulatory subunits sigma-like factor and SigA-binding factor, as well as effects on nuclear transcription factors (GBF4, ARR9 and 12) and the mitochondrion-located nuclear-encoded RNA polymerase. This suggests a network which controls and co-ordinates the gene expression machineries in all three genetic compartments. Although a constant redox state of the glutathione pool was found under all growth conditions, genes for glutathione metabolism and a few stress genes were detected by the array approach. This could be a hint that the signalling networks of photosynthetic redox control and environmental stresses overlap to a certain degree. In summary, this clearly demonstrates that redox signals from chloroplasts represent a complex signalling network that affects multiple genes. Analysis of single genes, therefore, may help only in understanding single facets of this network.
The great impact of redox signals on nuclear gene expression also implies a possible interaction with other signalling pathways or networks. In particular, photoreceptormediated light responses and crosstalk with other retrograde signals are of interest since here, at least in part, over-lapping functions are likely to be expected. This question was addressed by testing the long-term response of various photoreceptor and retrograde signalling Arabidopsis mutants using the non-invasive Chl fluorescence parameter F s /F m (Pfannschmidt et al., 2001; Sherameti et al., 2002) . Mutants deficient in phytochrome A and B as well as in cryptochrome 1 and 2 (Fey, Wagner et al., 2004) were tested. They all exhibited wild-type-like responses indicating that these photoreceptors are not essential for photosystem stoichiometry adjustment. Mutants deficient in the products of the genes gun1 (unknown product), gun4 (encoding a substrate binding protein of the magnesium chelatase; Larkin et al., 2003) , gun5 (encoding the ChlH subunit of the magnesium chelatase; Mochizuki et al., 2001) , and cue1-6 (encoding the phosphoenolpyruvate/phosphate translocator of the chloroplast envelope; Streatfield et al., 1999) were also tested. Like the photoreceptor mutants they all showed a response comparable to the wild type. This led to the conclusion that the redox signals generated by light quality shifts induce the acclimatory responses without the help of the tested photoreceptors or retrograde signalling pathways (Fig. 3) . Of course it cannot be excluded that such signalling cascades also affect redox-regulated genes, however, for the establishment of the long-term response, the decisive signals come from the photosynthetic electron transport chain. This is consistent with observations demonstrating that the acclimation of Arabidopsis to changes in light intensity is also functional in photoreceptor-deficient mutants (Walters et al., 1999; Weston et al., 2000) . From the present data it appears that photosynthesis represents a major environmental sensor and regulator of respective cellular acclimatory responses. This significantly expands the range in which plants detect and react to the environment beside photoreceptor-mediated responses.
Perspectives
The role of photosynthetic redox signals in plant gene expression appears to become more and more prominent. The present data clearly indicate that a complex redox signalling network exists in plant cells which becomes even more complex when redox signals from stress responses and other cellular compartments such as mitochondria or peroxisomes were also considered. It will be fascinating to unravel the relationships between these signals as well as any possible crosstalk with other signalling networks. On the other hand, it is quite clear that this is just the beginning. Several important points in this field of research are still not understood, i.e. the transduction of photosynthetic redox signals from the thylakoid membrane toward the level of gene expression both in chloroplasts and the nucleus. Molecular reconstruction of these mechanisms will be a milestone in plant research which will facilitate an understanding of this whole area of research. Fig. 3 . Light quality effects on nuclear gene expression. The light environment is perceived by both cytosolic photoreceptors (black oval marked with 'blue' for blue light receptors, white oval marked with 'red' for phytochromes) and photosynthesis (thylakoid membrane system in the chloroplast (CP)). Light quality effects can be found only under low light conditions and induce variations in photosynthetic electron flow (PEF) or the redox state of plastoquinone (PQ). Light quantity also affects PEF and PQ, but high intensities can also lead to the generation of reactive oxygen species (ROS) or other radicals. Strong light also leads to chloroplast movements which are mediated by blue absorbing phototropins (indicated by extending black lines). Both systems report the respective condition by independent or not related pathways to the nucleus (N) where they affect gene expression. The involvement of other plastid signals in this event is not likely from the present data (see text). Photosynthetic redox signals therefore work in parallel to photoreceptormediated signals to induce synthesis of plastid proteins appropriate to the residing environment.
